To understand the relationship between deoxygenation rate, rheologic behavior, and red blood cell (RBC) morphologic characteristics of blood in sickle (SS) cell anemia, washed oxy SS RBC suspensions (hematocrit, 40%) were subjected t o relatively fast and gradual deoxygenation procedures. Relatively fast deoxygenation resulted in 50% decline in percent hemoglobin oxygen saturation (%HbO,) within 1 minute. The SS suspensions following relatively fast deoxygenation showed t w o distinct phases in viscosity profiles. First, there was a sharp increase in individual viscosities t o a peak value at 7 minutes of deoxygenation. Second, prolonged deoxygenation resulted in a 27% t o 37% decrease in individual viscosities at 30 minutes as compared with the respective peak values at 7 minutes. Most of the viscosity increase (ie, about fourfold) occurred within the first 3 minutes of relatively fast deoxygenation. Scanning electron microscopy and differential morphologic analysis of deoxy cells showed that at 7 minutes a majority of cells had a granular appearance that was characterized by a bumpy irregular surface and the presence of small spicule-like projec-ICKLE (SS) CELL ANEMIA is often characterized as S a rheologic disease. The bulk viscosity of SS blood is higher than normal blood even in the oxygenated state because of the presence of dense cells, especially irreversibly sickled cells (ISC).'.* Deoxygenation results in the polymerization of hemoglobin S (HbS), increased cytosol viscosity,3 and cellular rigidity: the effect of which can be monitored as a dramatic increase in viscosity of the whole In addition, the abnormal viscoelastic behavior of individual deoxy SS cells' and the suspensions3 has been well established. Morphology of deoxy SS red blood cells (RBCs) is a reliable indicator of intracellular gelation,' and is influenced by the rate of deoxygenation." Rapid deoxygenation of SS whole blood is known to result predominantly in less distorted 'granular' RBCs, while the typical sickle forms are seen only if the cells are subjected to gradual deoxygenation. These differences in the RBC morphology probably arise from the variable rates of polymerization that result in different arrangements and the number of HbS polymer domains."
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The relationship of blood viscosity in sickle cell anemia with sickling and Hb oxygen saturation (HbO,) has been well doc~mented.~." However, no attempt has been made to correlate blood rheologic behavior with the morphologic characteristics of SS RBCs in a given suspension and the rate of deoxygenation. The kinetics of polymerization suggest that most cells do not sickle in vivo in the steady state mainly because of the capillary transit times ( < 1 second) involved.' The occurrence of a vasoooclusive episode might be caused by disruption of the steady state perhaps with significant contributions coming from microvascular factors, which could lead to variable hypoxia, RBC residence times and rates of HbS polymerization, depending on the microvascular site and wall shear rate^.'^.'^ The present study describes the bulk viscosity behavior of SS RBC suspensions at various time intervals during relatively fast and gradual deoxygenation by well-defined procedures.
In addition, we have evaluated cell morphology and HbS polymer characteristics to understand certain viscosity changes.
MATERIALS AND METHODS

Preparation of Cells
Blood was collected in heparinized tubes from sickle cell anemia patients (n = 8) who were not in crisis and had not received blood transfusion in the preceding 4 months. Fresh blood samples were centrifuged, and the plasma and buRy coat were removed. The RBCs were then washed three times in normal (0.9%) saline, once in bicarbonate Ringer's solution (millimoles per liter: NaCI, 118.0; KCI, 5.0; CaCI,, 2.5; MgCl,, 0.64; NaHCO,, 27.0; plus 0.5% bovine albumin, osmolarity 295 to 300 mOsm, pH adjusted to 7.35 to 7.4 by equilibration with 94.4% 0, and 5.6% CO,), and resuspended in bicarbonate Ringer's. Hematocrit (Hct) of oxy SS suspensions was adjusted to 40%. In the oxy condition, we expect insignificant effect ( < 2%) of plasma (or Ringer) trapping on the measured Hcts, as shown by Usami et a1. 5 The mean corpuscular J3b concentration (MCHC) was determined using handspun Hct and Drabkin's reagent.
Deoxygenation
SS RBC suspension were first oxygenated with 94.4% oxygen and 5.6% CO, gas mixture. Oxy SS suspensions were subjected to relatively fast and gradual deoxygenation as follows:
Relatively Fast Deoxygenation
A rotatory tonometer (model IL 237, Instrumentation Laboratory, Lexington, MA) was used. The relatively large surface area of the tonometer cup and its stirring motion both facilitate a rapid gas exchange in a small sample volume. The deoxygenation procedure was performed as follows: the tonometer was preheated until the water bath temperature reached 37°C; the flow of water-saturated nitrogen gas mixture was introduced into the humidified deoxygenation chamber at a constant flow rate of 300 mL/min 10 minutes before deoxygenation procedure; a 1. 2" vol of RBC suspension was pipetted into the tonometer cup (50 mL, cup volume) and the stirring cycle (18 to 20 cycles per minute) was turned on. The samples were deoxygenated for 1,2,3,5,7,10, and 30 minutes.
Gradual Deoxygenation
Gradual deoxygenation was accomplished using a rotating-cup tonometer or alternate application of nitrogen and vacuum.
Rotating-cup tonometer. The various conditions such as temperature, gas flow rate, and the sample volume were maintained as described above. The samples were subjected to gradual deoxygenation by progressive decrease in percent 0, in the water-saturated gas mixture entering the humidified deoxygenation chamber. Deoxygenation was initiated with a gas mixture containing 20% 0,, 5.6% CO,, and the balance N,. The percent 0, in the gas mixture was gradually reduced to 0% over the next 25 minutes in an identical fashion in each experiment (duration, 30 minutes) using a gas blender (model 640-6SN, Matheson Company Ltd, East Rutherford, NJ). The samples were withdrawn at lo-, 20-, and 30-minute intervals.
Three milliliters of sample was pipetted in a 40-mL glass bottle. Samples were deoxygenated by alternate application of a moderate vacuum and water-saturated nitrogen containing 5.6% CO, and were rotated to ensure a large surface area for gas exchange, as described. ' We have previously reported that gradual deoxygenation of SS RBC suspensions using this method results in the formation of typical sickle cells and holly leaf forms? Deoxygenation was performed for 5, 10,20, and 30 minutes.
At the end of each deoxygenation period samples were withdrawn anerobically in syringes previously flushed with nitrogen. Percent oxygen Hb saturation (%HbO,), carbon monoxy, and methemoglobin were measured with the use of a Instrumentation Laboratory Cooximeter model 282 (Instrumentation Laboratory Inc, Lexington, MA). The percent oxyhemoglobin was rechecked at the end of each viscosity measurement, and showed less than 1% change.
Alternate application of nitrogen and vacuum.
Viscosity Measurements
Viscosity measurements on deoxygenated samples were made immediately after each deoxygenation period. Viscosity was measured at 37°C in a Wells-BrooMeld microconeplate viscometer (model 5X-LVT-200, Brookfield Engineering Laboratories Inc, Stoughton, MA), equipped with a water circulation jacket and purge connections. Calibration of cone and cup was performed frequently using a silicone oil standard (viscosity, 4.8 centipoise [cP]). Each time, 0.5 mL of sample was introduced anerobically into the cup during purge with water-saturated gas mixture (N, or appropriate %O,) containing 5.6% CO, and in each case one set of viscosity measurements was made at shear rates ranging from 37.5 to 750 sec-'.
Differential Morphologic Analysis and Electron Microscopy
Aliquots of samples following various deoxygenation periods were fixed in 10% neutral formaline or in 2% glutaraldehyde in phosphate-buffered saline (PBS), pH 7.35, for differentiation of morphologic forms in deoxy SS samples by Nomraski optics and by scanning electron microscopy (SEM). For transmission electron microscopy (TEM), RBCs were fixed in 2% glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.4, for 2 hours, postfixed in 1% osmium tetraoxide/O.l mol/L cacodylate buffer, and en bloc stained with 1% uranyl acetate. Cells were pelleted in 3% gelatin, dehydrated in a graded ethanol series, propylene oxide, and embedded in LX112 (Ladd Research Industries, Burlington, VT). Sections were stained with uranyl acetate followed by lead citrate and observed in a Joel 1200EX electron microscope (Japan Electronics and Optics Laboratory, Peabody, MA) at an accelerating voltage of 80 kV. For personal use only. on October 30, 2017. by guest www.bloodjournal.org From using a small volume of sample over a large surface area in a rotating tonometer cup gassed with water-saturated N, and 5.6% CO, (see Materials and Methods). This procedure caused an almost 50% decline in %HbO, to the mean value of 50.5 4 2.2 within 1 minute and to the value of 4.7 f 0.6 at 7 minutes; after which %HbO, remained essentially unchanged at 10 and 30 minutes of deoxygenation. Gradual deoxygenation of the identical sample volume in a rotating tonometer was achieved by a progressive decrease in %O, in the gas mixture, which resulted in a slow decline in %HbO, during the course of a 30-minute period. Deoxygenation of a larger sample volume using alternate application of N, and vacuum also caused a progressive although rather steeper rate of decrease in %HbO, over a 30-minute period. At 30 minutes of either gradual deoxygenation procedure, %HbO, (tonometer, 4.8 2 0.3; Ndvacuum, 4.3 f 0.8) was not significantly different from that recorded at 7 or 30 minutes of relatively fast deoxygenation.
RESULTS
HbO, Levels
Viscometric Observations
Individual SS RBC suspensions (n = 6), subjected to relatively fast deoxygenation, showed two distinct phases in their viscosity profiles (shear rate, 750 sec-') (Fig 2) (Fig 3) in accordance with the decrease in %HbO, depicted in Fig 1. At 30 minutes, the mean viscosity values of 12.06 2 0.55 CP and 12.66 r 0.17 cP, respectively, using tonometer and N2/vacuum methods were not significantly different than the peak viscosity observed at 7 minutes of relatively fast deoxygenation, but were significantly higher (P < .0013 and P < .0002, respectively) as compared with that of the samples subjected to relatively fast deoxygenation and a prolonged 30-minute incubation period. Figure 4 depicts the mean viscosity values (mean 2 SD) of deoxy SS RBC suspensions plotted at various shear rates (37.5 to 750 sec-'). The variously deoxygenated suspensions (relatively fast deoxygenation: 7 and 30 minutes; gradual deoxygenation: 30 minutes) showed essentially the same overall viscosity differences at matching %HbO, as described before. However, in contrast to the non-Newtonian behavior of oxy suspensions (ie, decrease in viscosity with an increase of shear rate), viscosities of deoxy samples were either Newtonian (ie, independent of shear rate) or showed a shear thickening (ie, slight increase in viscosity with increase of shear rate), which is in accord with the observations of Usami deoxygenation, morphology of the RBCs was studied by SEM and compared with SS cells that were gradually deoxygenated for 30 minutes (Fig 5) . At 7 minutes of relatively fast deoxygenation, most SS RBCs were characterized by a bumpy surface, granular or irregular discoid contour, and small spicule-like projections (Fig SA and B) . In some individuals, most of these granular cells had bumpy surfaces with no spicules, while in others a larger number had small projections from discoid shape. Differential morphologic counts of the deoxy SS cells (Table 1) showed that of all sickled cells, greater than 70% of the cells were granular in shape. In addition, about 14% of the cells had elongated morphology, which was characterized by processes longer than the cell diameter. Also, much smaller percentages of typical sickle cells and holly leaf shapes were present. Star-shaped cells were counted with holly leaf cells. After 30 minutes of deoxygenation, a larger percentage of SS cells had developed the elongated shape (Table 1 , Fig 5C) as compared with their numbers at 7 minutes (P < .OOOl). However, a majority of cells retained granular morphology (Table l) , ie, about 70% of the granular cells did not change shape as compared with their percentage at 7 minutes. The elongated cells ( Fig 5D) were characterized by the presence of one or more long projections and a central granular region as described by Asakura and Mayberry'" after prolonged incubation of SS cells with dithionite. The counts of typical sickle cells and holly leaf cells remained essentially unchanged. In contrast, 30 minutes of gradual deoxygenation using the tonometer or alternate application of N, and vacuum resulted in various morphologic types as described before for gradually deoxygenated whole SS blo0d.'~3'~ These types were classified as typical sickle cells, holly leaf cells, and granular-shaped cells and their respective percentages showed no significant differences using the two gradual deoxy methods (Fig 5E and F , Table 1 ). Cells with long projections, as seen following relatively fast deoxygenation, were rare or relatively few. In all the above, ISC were counted separately and their mean counts were less than 10% in the samples studied (Table 1) .
TEM
The HbS polymer characteristics of SS cells were examined by TEM to understand the above described morphologic changes at 7 and 30 minutes of relatively fast deoxygenation. At 7 minutes, a number of granular cells were characterized by the presence of heterogeneous polymer domains, ie, in addition to the presence of randomly distributed small polymer domains in the cytoplasm, there was varying degree of polymer alignment in the spiculated regions (Fig 6A and B) . The elongated morphology observed in a large percentage of cells following a prolonged deoxy incubation (30 minutes) was characterized by the alignment of the polymers resulting in long projections, although the central granular region of the cell retained small polymer domains (Fig 6C) . At 30 minutes, an increase in the polymer ordering was also evident in a number of elongated cells (Fig 6D) . Values are Mean +-SD.
*P < .0006 as compared with 7-minute samples. t P < .0001 as compared with 7-minute samples.
DISCUSSION
The increased viscosity of deoxy washed SS RBC suspensions has been attributed mainly to an increased cytosol viscosity as a result of HbS polymerization. The present study defines the bulk viscosity behavior of SS RBC suspensions with distinct cell morphologic characteristics induced by defined rates and time length of deoxygenation. Eaton and Hofrichter" have explained the morphologic differences among deoxy SS cells on the basis of the rate of polymerization. Rapid deoxygenation causes a high rate of homogeneous nucleation and formation of many small independent polymer domains resulting in the granular morphology, while slow rates of deoxygenation result in the growth of aligned polymers in a single or countable number of domains that give rise to typical sickle or holly leaf shapes. In the present study, relatively fast or gradual deoxygenation of washed SS RBC suspensions was achieved by defined procedures (see Materials and Methods) and monitored by time-dependent %HbO, measurements.
The results demonstrate that relatively fast deoxygenation of oxy SS RBC suspensions (ie, 50% decline in %HbO, within 1 minute of deoxygenation) causes a timedependent rapid increase in the bulk viscosity to a peak value that is followed by a marked decline in the individual viscosities on prolonged deoxygenation (Fig 1) . Furthermore, these unique viscosity changes are accompanied by the presence of characteristic morphologic cell types.
With a more rapid rate of deoxygenation achieved here, most SS RBCs are converted to granular morphology. Fast deoxygenation of SS cells, whether induced by dithionite, nitrogen, or stirring under the deoxy condition, results in a granular morphology." The peak viscosity, observed at 7 minutes of deoxygenation in most cases, is accompanied by the presence of more than 70% cells with a granular morphology, which is characterized by a bumpy surface and, in many, by the presence of small spicule-like projections (Fig SB) . Increasing the time length of deoxygenation to 30 minutes results in a highly significant decrease ( > 30%) in viscosity and is accompanied by the appearance of elongated cells. Approximately 30% of granular cells are converted to elongated cells. These elongated cells are different from typical sickle cells in that they are distinguished by the presence of long processes probably arising from the peripheral region of the cells; the central part of the cell in most instances has a lumpy granular appearance (Fig 5D) . TEM shows that the cells that develop long processes after prolonged deoxygenation contain regions of aligned polymers in addition to regions of very small polymer domains or Hb aggregates (Fig 6A through C) . The presence of heterogeneous regions of polymer domains in single deoxy SS cells as observed in the present study has also been demonstrated by others, with the aligned polymers occupying spiculated peripheral regions." Prolonged deoxygenation would then result in the elongated morphology caused by the growth of the aligned domains.
Thus, the granular SS cell suspension are the most viscous, while the SS suspensions containing a large percentage of elongated cells at a matching %HbO, show a dramatic decrease in viscosity. The observed viscosity behavior of the suspension containing rigid discoid SS cells at 7 minutes after relatively fast deoxygenation is similar to that described by Chien et all6 for glutaraldehyde-hardened normal RBCs. Both types of suspensions exhibit a slight shear thickening, the mechanism of which is not understood. Two related mechanisms may be considered for the anomalous viscosity behavior of SS RBC suspensions observed at different time lengths of relatively fast deoxygenation. First, as suggested by the cell shape and supported by TEM, the polymer alignment results in elongated morphology in a significant number of cells. Second, the elongated cells may be able to align parallel to the direction of viscometric flow. Such alignment would significantly reduce the viscous resistance to the flow, thereby resulting in the viscosity decrease. The alignment of fibers has also been associated with viscosity decrease in deoxy HbS solutions."" Similar time-dependent Viscosity results are ob- For
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tained when a suspension of discocyte subpopulation isolated from SS blood was subjected to the same deoxygenation procedure (data not shown). In either case, a majority of the cells retained their granular appearance with increased duration of deoxygenation, which is in concordance with earlier morphologic observations." The results presented here demonstrate that the physical attributes of polymer domains within the cell, as shown by TEM and determined by the duration of deoxygenation, constitute an important determining factor in the viscosity behavior of these deoxygenated SS cell suspensions.
Gradual deoxygenation of SS RBC suspensions using the tonometer or alternate application of N, and vacuum causes a time-dependent increase in the bulk viscosity over a period of 30 minutes in accordance with the decrease in %HbO,. At 30 minutes, the mean viscosity of the suspensions at any shear rate was not significantly different than that recorded after 7 minutes of relatively fast deoxygenation. This finding may suggest similar viscous resistance of these deoxy suspensions at matching %HbO, levels, although significant differences are expected in the polymer characteristics. In contrast to the predominance of granular forms at 7 minutes of fast deoxygenation, the 30-minute, gradually deoxygenated suspensions mainly contain cells with morphologic deformation (typical sickle cells and holly leaf cells) in addition to smaller numbers of granular cells. As shown previously, gradual deoxygenation of less-dense discocytes (low MCHC), the predominant fraction of SS blood, results in the formation of typical sickle cells and holly leaf cells, while dense discocytes with high MCHC polymerize more rapidly and become granular shaped cell^.^^^'^^^ The higher viscosity of gradually deoxygenated suspensions as compared with the samples subjected to fast deoxygenation and a prolonged 30-minute incubation period may reflect differences in the polymer characteristics (such as the degree of polymer organization) of the two morphologically distinct populations and in their alignment in relation to the viscometric flow. These studies do not address consequences of a prolonged deoxy incubation on the polymer ordering and viscosity behavior of gradually deoxygenated SS cells. It may be reiterated that the marked viscosity differences observed at 7 and 30 minutes of relatively fast deoxygenation reflect a strong influence of the polymer alignment and ordering. In addition, as shown by Mohandas et al,*' the extent of cellular dehydration following deoxygenation is strongly dependent on the degree of morphologic deformation of deoxy SS cells, and may also contribute to the observed rheologic properties of the cells deoxygenated at different rates. We are currently in the process of evaluating the microcirculatory and hemodynamic behavior as well as the density characteristics of variously deoxygenated SS cells.
We conclude that the SS cell suspensions containing mainly granular-shaped cells after relatively fast deoxygenation are as viscous as the suspensions that have morphologically deformed cells (typical sickle and holly-leaf shapes) following gradual deoxygenation, whereas the suspensions containing a large percentage of elongated cells (30 minutes following rapid deoxygenation) are the least viscous. The two distinct viscosity phases observed after relatively fast deoxygenation appear to result from differences in the cell morphologic characteristics reflecting physical attributes of the polymer, which may affect cell orientation in the viscometric flow. The extent of %HbO, decrease seen within the first 3 minutes of relatively fast deoxygenation, when most of the viscosity increase occurs, could be relevant to conditions of hypoxia in the micro~irculation,'~'~~ induced by vasoconstriction or by narrowing of the vessel lumen by adhesion of RBCs. 
